Annealing Cu and dilute Cu(Ti), Cu(Sn) and Cu(Al) alloy films resulted in the strengthening of film texture, with the strongest <111> fiber texture being found for Cu(Ti). Annealing also resulted in a decrease of electrical resistivity and the growth of grains, with the largest grain size and lowest resistivity being seen for pure Cu itself. Among the alloy films, the lowest resistivity was found for Cu(Ti) and the largest grain size for Cu(Al). Electron beam evaporated films with compositions in the range of 2.0-3.0 at% and thicknesses in the range of 420-540 nm were annealed at 400˚C for 5 hours. Four point probe resistance measurement, xray diffraction and transmission electron microscopy were used to follow the changes in film resistivity, texture and grain size.
INTRODUCTION
The performance and reliability of metal interconnections are increasingly dependent on aspects of microstructure such as grain size and crystallographic orientation (texture) as line widths approach 100 nm. A recently proposed scheme to control the microstructure of Cu via alloying is to use the energy released by the decomposition of Cu-alloys -in addition to grain boundary, surface, and strain energy minimization -to drive grain growth and texture evolution [1] . Based on this scheme, in a study reported by Barmak et al., the impact of alloying elements on the decomposition and electrical resistivity of a group of dilute binary, Cu alloy films annealed at a constant heating rate up to 950˚C was investigated [2] .
In this work, we focus on the evolution of resistivity, grain size and texture in dilute binary Cu(Ti), Cu(Al) and Cu(Sn) alloy films that are annealed isothermally at 400˚C. We compare and contrast the behavior of the alloy films with that for a pure Cu film. We find that for all films, including the pure Cu film, annealing lowers film resistivity, causes the grains to grow and strengthens film texture. However, the alloy films all have higher resistivities and smaller grain sizes than the pure copper film. The best combination of resistivity (relatively low) and <111> fiber texture (strong), for an alloy film, is found for Cu(Ti), while the best combination of resistivity (low) and grain size (large) is found for pure Cu itself.
EXPERIMENTAL
Pure Cu and dilute binary Cu(Ti), Cu(Al) and Cu(Sn) alloy films were electron beam evaporated onto thermally oxidized silicon wafers. The composition and thickness of the films are listed in Table I . The films were isothermally annealed at 400˚C for 5 hours in a nitrogen atmosphere. The sheet resistance of the films before and after annealing was measured by a fourpoint probe technique.
For the quantitative analysis of film texture, orientation distribution functions (ODF) that were calculated from the set of {111}, {200} and {220} pole figures were used. The pole figures were obtained at 5˚ intervals in a Philips X'Pert Pro diffractometer, utilizing an x-ray lens and 0.27 o Soller slits in the path of the incident beam and a flat graphite monochromator in the path of the diffracted beam. The pole figures were corrected for background, defocusing, and absorption. The inverse pole figures were computed from the ODF. For the calculation of the volume fraction of fiber components, discrete orientation distributions were used and the intensity was integrated over all cells within 15˚ of a given orientation with due allowance for overlaps. For a more in depth discussion of texture analysis of Cu-based thin films, the reader is referred to the paper by Barmak et al. in this volume. Samples for transmission electron microscopy were prepared by chemical back etching. Additional thinning to electron transparency was done by ion milling. The samples were examined in plan view in a Philips 420T microscope operating at 120 kV. The grain boundaries in the images were manually traced and the mean grain sizes, quoted as equivalent circular diameters, were determined using Scion Image [3] .
RESULTS AND DISCUSSION
The room-temperature electrical resistivities of as-deposited and annealed films are plotted in Fig. 1 and summarized in Table II . The results clearly show that alloying increases the resistivity in the as-deposited state, with room-temperature resistivities of the as-deposited alloys ranging from as high as 22.5 µΩ-cm for Cu(3.0Ti) to as low as 5.5 µΩ-cm for Cu(2.0Al). Annealing at 400˚C for 5 hours resulted in a decrease of resistivity in all cases, with the lowest value, 3.9 µΩ-cm, occurring for annealed Cu(3.0Ti) and the highest value, 6.4 µΩ-cm, being seen for Cu(2.3Sn). The resistivity of the as-deposited pure Cu film was 2.3 µΩ-cm and after annealing the resistivity dropped to 2.0 µΩ-cm.
Annealing strengthened the texture for all the films. Qualitatively, this strengthening can be seen for Cu(2.0Al) by comparing the inverse pole figures for the as-deposited versus the annealed state (Fig. 2) . The quantitative evidence for the strengthening of texture is found as a decrease of the volume fraction of the random component (Table III) . For pure Cu and the two alloy films, Cu(3.0Ti) and Cu(2.0Al), it was the <111> fiber component that became the strongest component upon annealing. By contrast, for Cu(2.3Sn), <110> became the strongest component. Transmission electron micrographs of the grain structure of the films in the as-deposited and annealed states are shown in Fig. 3 . The mean grain sizes for all the films are listed in Table  IV . The addition of alloying elements to Cu results in grain size refinement for all as-deposited and annealed films; most dramatically so for Cu(3.0Ti). Annealing at 400˚C for 5 hours, causes the grains to grow compared with the as-deposited state, with the most significant growth being seen for Cu(2.0Al). In the case of Cu(Ti), however, the grains show only minimal growth from a mean size of 39 nm in the as-deposited state to a mean size 42 nm after annealing. In order to simultaneously assess the impact of the alloying elements on texture, grain size and electrical resistivity upon annealing, the ODF-calculated <111> volume percents and the relative reduced resistivities (RRR) of the films are plotted versus grain size for the 400˚C, 5hr annealed films in Fig. 4 . The reduced resistivity is defined as the resistivity difference between the alloy and pure copper divided by solute at%. To determine the relative reduced resistivities, the reduced resistivities are scaled such that pure Cu has the lowest value (0%) and Cu(Sn) has the highest value (100%). From the figure, it can be seen that Cu(Ti) has the best combination of lowest RRR and strongest <111> fiber texture among the alloy films. However, this film also has the smallest grain size. The largest grain size for the alloy films is found for Cu(2.0Al). Pure Cu has larger grains and a lower RRR by comparison to all the alloy films studied here. 
CONCLUSIONS
After annealing at 400 o C for 5 hours, Cu(3.0Ti) showed the lowest relative reduced resistivity as well as the lowest resistivity among the Cu-alloy films. By contrast, Cu(2.3Sn) had the highest values for both of these parameters. All the alloy films, whether annealed or in the as-deposited state, were found to be fiber textured. Annealing resulted in a strengthening of texture for all films, with the strongest <111> fiber being found for Cu(3.0Ti) and the weakest for Cu(2.3Sn). Annealing also resulted in grain growth, with Cu(2.0Al) having the largest grain size among the alloy films. The best combination of texture (strong) and resistivity and reduced relative resistivity (low) among the alloy films was found for Cu(3.0Ti). Pure Cu however had a larger grain size and a lower resistivity and RRR by comparison to all the alloy films. Reduced resistivity <111> Vol.%
